Group II self-splicing introns catalyze autoexcision from precursor RNA transcripts by a mechanism strikingly similar to that of the spliceosome, an RNAprotein assembly responsible for splicing together the protein-coding parts of most eukaryotic pre-mRNAs. Splicing in both cases initiates via nucleophilic attack at the 5Ј splice site by the 2Ј OH of a conserved intron adenosine residue, creating a branched (lariat) intermediate. Here, we describe the crystal structure at 3.0 Å resolution of a 70-nucleotide RNA containing the catalytically essential domains 5 and 6 of the yeast ai5␥ group II self-splicing intron, revealing an unexpected two-nucleotide bulged structure around the branchpoint adenosine in domain 6.
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Group II self-splicing introns catalyze autoexcision from precursor RNA transcripts by a mechanism strikingly similar to that of the spliceosome, an RNAprotein assembly responsible for splicing together the protein-coding parts of most eukaryotic pre-mRNAs. Splicing in both cases initiates via nucleophilic attack at the 5Ј splice site by the 2Ј OH of a conserved intron adenosine residue, creating a branched (lariat) intermediate. Here, we describe the crystal structure at 3.0 Å resolution of a 70-nucleotide RNA containing the catalytically essential domains 5 and 6 of the yeast ai5␥ group II self-splicing intron, revealing an unexpected two-nucleotide bulged structure around the branchpoint adenosine in domain 6.
Removal of intron RNA from coding sequences is an essential step in the maturation of eukaryotic pre-messenger RNAs. Group II self-splicing introns, found in organellar genes of yeast, plants, and fungi and in eubacteria, catalyze intron excision by a twostep mechanism analogous to that of the spliceosome, a dynamic RNA-protein complex that splices nuclear pre-mRNA transcripts (1, 2) . In the first step, the 2Ј hydroxyl group of a conserved intron adenosine residue attacks the phosphodiester bond at the 5Ј splice site, producing a branched (lariat) form of the intron that contains a 2Ј-5Ј linkage and releasing the 5Ј exon (3) . The second step involves exon ligation and removal of the intron lariat. Although the branch-point adenosine in both group II introns and premRNAs is predicted to be unpaired, a lack of high-resolution structures for group II introns has precluded an understanding of branchpoint selection or the possible structural similarity between self-splicing and spliceosomal RNAs. Here, we describe a crystal structure and chemical probing and functional assays that suggest that the branch point of the ai5␥ group II intron consists of a two-nucleotide bulged conformation, providing a structural explanation for branch-site choice. Revealing the molecular structure of a group II intronrelated RNA, this work provides a basis for detailed comparison of self-splicing and spliceosomal catalytic mechanisms.
Group II introns share a common secondary structure consisting of six domains (1) (Fig. 1A) . Domain 5 binds domain 1 extensively to form the catalytic core (4-6) and contains a universally conserved AGC sequence essential for splicing activity (7) . Domain 6 contains the branch-point adenosine whose 2Ј hydroxyl serves as the nucleophile during the first step of self-splicing. Domains 5 and 6 are able to catalyze 5Ј junction cleavage and lariat formation when added to domain 1 in trans, with reaction kinetics similar to those determined for splicing by the intact intron (3, 8, 9) . Moreover, these two domains share sequence and secondary structural features with U6 small nuclear RNA (snRNA) and base-paired U2 snRNA/pre-mRNAs, respectively (2). Thus, domains 5 and 6, spanning an ϳ70-nucleotide region of the intron, are attractive initial targets of structural investigation because of their importance in forming the intron active site and presenting the branch-point adenosine for its role in nucleophilic attack.
Although constructs of the wild-type domains 5 and 6 (d56) from the ai5␥ intron failed to crystallize, perhaps because of inherent flexibility, crystals were obtained of a modified construct (d56-TR), in which domains 5 and 6 are coaxially stacked and the loop nucleotides of domain 6 are deleted (10) (Fig. 1B) . A tetraloop receptor sequence, inserted between the two domains, mimics the tetraloop receptor in domain 1 that docks with the tetraloop of domain 5-the -Ј interaction (Fig. 1A) -potentiating intermolecular interactions in the crystal (4, 10) . This construct was shown to be active in the hydrolytic pathway for group II intron splicing in trans (10) . Furthermore, addition of the domain 6 loop nucleotides into a similar construct restored full branching activity in trans, although it is not clear whether domain 5 and 6 in this construct are coaxially stacked (11, 12) . D56-TR RNA prepared by in vitro transcription (13) was crystallized by modification of previous conditions to improve the diffraction limit to 3.0 Å resolution (13). To obtain phase information, bromine atoms were introduced into the RNA by incorporation of 5-bromo UTP during in vitro transcription (13, 14). Phases were determined by MAD using a four-wavelength x-ray diffraction dataset collected from a brominecontaining crystal; a native dataset was used for refinement (13, 15) ( Table 1 ). In the structure, d56-TR adopts a long-helical conformation ( Fig. 2A ). Domain 5 is largely A form, with a two-nucleotide A838/C839 bulge in the middle. This internal bulge, predicted from both biochemical and phylogenetic covariation data (16, 17) , does not affect the overall helical axis. To our surprise, the branch site of domain 6 also contains a two-nucleotide bulge: an A880/U881 bulge is observed instead of the proposed single-nucleotide A880 bulge ( Fig. 2A) . Unlike the bulge in domain 5, the bases of the two nucleotides at the branch site are stacked. Furthermore, the two strands of domain 6 separate at the end closest to the deleted loop nucleotides: one strand folds back, and its penultimate residue (A862) stacks with the branch-point bases; the other strand makes a crystal contact by base-pairing with its symmetry mate. As intended, the tetraloop receptor docks with the domain 5 tetraloop of an adjacent molecule in the crystal lattice (18) and has the same conformation as seen in the group I intron P4-P6 domain crystal structure (19) .
As do most ribozymes and RNA-protein catalysts, group II introns require divalent metal ions for both folding and catalysis (20, 21) . Several structurally or catalytically important metal ion-binding sites have been mapped in domains 5 and 6 by different methods (22) (23) (24) . In the experimental electron density map for d56-TR, two magnesium ions were modeled on the basis of coordination geometry, distance from RNA ligands, and temperature-factor refinement. One magnesium ion binds the phosphate oxygen of G833 near the GAAA tetraloop of domain 5; the other one binds at the phosphate oxygen of U(vii) in the tetraloop receptor (Fig. 2, A  and B) . Because the tetraloop receptor does not exist in the wild-type d56, the latter binding site is probably unrelated to intron catalysis. To identify additional metal ion-binding sites, native crystals were soaked with manganese and cobalt hexammine-containing solutions (13), which have been used as probes for nonhydrated magnesium and hydrated magnesium binding sites, respectively [for example (19, 25) ]. Difference Fourier syntheses calculated from diffraction data from these crystals revealed a single manganese ion coordinated to N7 of adenosine 838 at the bulge in domain 5, whereas a cobalt hexammine ion bound the major groove O4 of guanosine 879 of a G-U wobble pair flanking the branch-point A (Fig. 2, A and B) . Three of the metal ion-binding sites observed in the native and difference electron density maps-at the d5 terminal loop, d5 bulge, and d6 branch point-correlate well with previous Tb 3ϩ cleavage and solution nuclear magnetic resonance (NMR) data (22, 24) , suggesting that these represent magnesium ions that bind, and may stabilize, the ground-state intron RNA (Fig. 2, A and B) . The latter two sites may not be occupied by magnesium ions in the native crystal because of the high salt concentration used for crystallization and the weaker binding affinities measured by solution NMR for these sites (24) . Recent phosphorothioate substitution of pro-S p oxygens in domain 5 revealed a structurally important metal ion-binding site in the conserved AGC triad (residue 816 to 818, Fig. 2B ) (23) . Its possible requirement for additional interactions with domain 1 of the intron may explain the absence of this metal ion in the d56-TR structure.
The two-nucleotide bulge in domain 5 is of particular interest because of its possible Close-up view of domain 6 structure around the branch point. The structural model of domain 6 is represented by blue ribbons except for residues A880, U881, and A862. A880 and U881 form the double-bulged branch-point structure and stack with A862. The branch-point adenosine (A880) is labeled and its 2Ј-OH group is shown in red. Fig. 2 , A, C, and D are created using RIBBONS (37).
roles both in binding to the rest of the group II intron domains and in catalysis (6, 26, 27) . A C839/G840 bulge had been predicted until recently, when an alternative secondary structure containing an A838 and C839 bulge was proposed based on chemical probing and sequence covariation analysis (16, 17) . In the d56-TR crystal structure, we observe the newly predicted U823-G840 wobble pair and the A838/C839 bulge, confirming the previous studies. The internal AC bulge bears increased similarity to the predicted secondary structure of base-paired U2/U6 snRNAs, which varies according to the distance between this bulge and the universally conserved AGC triad (16, 17) . In the crystal structure, this particular spacing positions the AC bulge and the AGC sequence closer in space and aligns critical functional groups on the same "catalytic face" of domain 5 RNA (17, 26, 27) (Fig. 2A) . Furthermore, a metal ion binds to the bulge in the crystal structure, and phosphorothioate substitution of the proRp oxygen of C839 or of the equivalent residue in U6 snRNA blocks splicing activity (27, 28) . One notable feature of the electron density map is the weak density and high temperature factors observed for the conserved AGC sequence compared with the rest of the structure (18) . This observation is puzzling, because the sequence is embedded within the domain 5 stem and forms standard base pairs with the opposite GUU sequence. The unusual dynamics in this region suggests the potential for alternate conformations or interactions ( perhaps with domain 1) that may facilitate catalysis. Moreover, the disorder of this region might also explain the lack of an observed metal ion-binding site (23) .
The most unexpected feature in the crystal structure is the two-nucleotide bulge at the branch point in domain 6. The highly conserved stretch of purine residues opposite the branch site in domain 6 supports this double bulge by enabling alternative base pairings (Fig. 2B) . Stacking of the branch-point adenosine, A880, with the 3Ј nucleotide (U881) creates a local backbone geometry that exposes the 2Ј hydroxyl group of the branchpoint A to solvent, possibly facilitating its role as a nucleophile to attack the 5Ј splice site (Fig. 2, C and D) . We wondered whether the same conformation exists in the wild-type domain 6, and if so, whether this structure is required for splicing activity.
To test whether the two-nucleotide bulge around the branch point in domain 6 is a property of the RNA sequence or an artifact due to crystal packing forces or the design of the crystallization construct, an RNA construct containing the wild-type domains 5 and 6 (d56) (Fig. 3A) was probed by using 1-cyclohexyl-3-(2-morpholinoethyl) carbodiimide metho-p-toluene sulfonate (CMCT). CMCT modifies unpaired uridines by reacting with the N3 group of the base, forming a covalent adduct that can be detected by primer extension using reverse transcriptase (13). To facilitate the primer extension assay, a d56 RNA construct was prepared containing an additional 15 nucleotides 3Ј to the wild-type intron sequence to enable primer annealing (13). Activity assays (13) confirmed that this construct has wild-type branching activity in the presence of domain 1 (18) . CMCT modification followed by primer extension using this construct revealed that U881, the predicted bulged residue in the wild-type d56, has a striking modification level of 10 times that of background (Fig. 3) . The only other uridine to be significantly modified in the sequence is Crystallographic data Wavelength (Å) *Rsym ϭ ⌺I Ϫ ϽIϾ/⌺I, where I is the observed intensity and ͗I͘ is the statistically weighted absolute intensity of multiple measurements of symmetry related reflections.
from the working set and R free from the test set.
Despite the high average B-factor, electron density for the RNA is of good quality (Fig. 2C) . Similar values of average B-factor were obtained previously for structures of RNAs of similar size and diffraction resolution [e.g. (39)]. Fig. 3) , which is expected to be exposed in the terminal GUAA tetraloop. Uridines in the sequence that are base-paired in the predicted structure are modified only slightly compared with the control (Fig. 3) . This result supports a two-nucleotide bulge conformation in wild-type d56 RNA, including the branch-point A and the adjacent 3Ј U, as observed in the d56-TR crystal structure. In similar CMCT modification experiments with the crystallization construct d56-TR, the uridine 3Ј of the branch-point adenosine is strongly modified compared with the basepaired uridines in the RNA (18) . These results suggest that a two-nucleotide bulge does exist in domain 6 in solution.
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To determine whether the observed domain 6 structure is required for splicing activity, a set of domain 6 mutants were constructed in the context of the d56 RNA to test whether U879 base pairs with G856, as in the previously predicted model, or with G855 as in the crystal structure (Fig. 4A) (13) . It has been shown that G-U wobble pairs are likely to flank the branch-point adenosine and to be important for splicing (29, 30) , so we constructed a U879C point mutant to create a G-C base pair at this position (Fig. 4A) . Two additional mutants of the d56 RNA were designed to restore wobble base-pairing geometry with the U879C substitution by changing additionally either G856 or G855 to A (Fig. 4A) . According to the original model, the G856A change should restore the wobble geometry adjacent to the branch-point A by creating an A-C pair; however, the new model predicts that the G855A change will restore the wobble pair. The U879C mutation diminished branching in an in trans splicing assay (13), consistent with previous results suggesting that the wobble base-pair geometry at this position is important for lariat formation during the first step of splicing (Fig. 4) (30) . The U879C/G856A double mutant likewise showed very low branching activity, comparable to that of the U879C mutant. However, the U879C/G855A double mutant showed significant branching activity compared with the other mutants, although not as efficient as the wild-type d56 RNA (Fig. 4) . These data suggest that when domains 5 and 6 dock into the rest of intron, U879 is base-paired with G855, and U881 is instead likely to be exposed and to perform some other function. One explanation for the weak rescue effect is that the G-U base pair flanking the branch point, although important for its wobble geometry, makes sequence-specific contacts within the group II intron active site that are disrupted in the A-C mutant. In support of this idea, G855 is the most conserved residue in domain 6 other than the branch-point A (31) . In addition, the resulting A-C wobble base pair is less stable, forming only one hydrogen bond at neutral pH at which we performed the splicing assays.
It is noteworthy that the nucleotide 3Ј to the branch-point A is nearly always a pyrimidine in both group II introns and pre-mRNAs (2, 31) . There is no rationale for this conservation based on the crystal structure of d56-TR, suggesting that this residue makes additional contacts during splicing. The conserved purine-rich 5Ј strand of domain 6 makes alternative base pairings in this region possible, explaining the difficulty in predicting the secondary structure based on covariation analysis (31) . Might a similar structure occur in the spliceosome? U2 snRNA lacks a purine-rich sequence analogous to that in domain 6, and thus does not support alternative base pairings that can occur in the group II intron domain 6. In the crystal structure of a self-complementary oligonucleotide designed to mimic a yeast U2 snRNA/pre-mRNA complex, the adenosine 5Ј to the branch-point A was bulged out of the helix and contacted an adjacent helix in the crystal lattice (32) . It is unclear how this structure relates to the branch-point conformation in the spliceosome. However, the fact that the base-pairing between U2 snRNA and pre-mRNA is weak downstream of the branch-point adenosine suggests that the two-nucleotide bulge model is not inconsistent with the currently available sequences of spliceosomal and premRNAs (2, (33) (34) (35) (36) . (C) Summary of the splicing activities. Fraction of branching product was plotted as a function of time, and curves were fit as a biphasic reaction described previously (38) . Wild-type d56 activity is shown with solid circle, U879C mutant with solid square, G855A/U879C double mutant with solid triangle and G856A/U879C double mutant with x.
